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Abstract. By carefully choosing parameters and including more semi-core orbitals as
valence electrons, we have constructed a high quality projected augmented wave (PAW)
dataset that yields results comparable to existing full-potential linearized augmented
plane-wave calculations. The dataset was then applied to BaFe2As2 to study the effects
of different levels of structure optimization, as well as different choices of exchange-
correlation functionals. It is found that the LDA exchange-correlation functional
fails to find the correct SDW-AFM ground state under full optimization, while PBE
exchange-correlation functional obtains the correct state but significantly overestimates
the magnetism. The electronic structure of the SDW-AFM state is not very sensitive
to structure optimizations with the PBE exchange-correlation functional because the
position of the As atoms are preserved under optimizations. We further investigated
the Ba atom diffusion process on the BaFe2As2 surface using the nudged elastic bands
(NEB) method. The Ba atom was found to be stable above the center of the squares
formed by the surface As atoms, and a diffusion barrier of 1.2 eV was found. Our
simulated STM image suggests an ordered surface Ba atom structure, in agreement
with Ref. [26, 27].
PACS numbers: 71.15.-m,74.25.Ha,74.25.Jb
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1. Introduction
The recent discovery of iron pnictide superconductor parental materials LnFeAsO (1111)
[1] (Ln=La, Ce, Pm, ...), AeFe2As2 (122) [2] (Ae=Ca, Sr, Ba, ...), and AFeAs (111) [3, 4]
(A=Li, Na, ...) has stimulated tremendous interest and attention starting about a year
ago. Experimentally, the ground states of these parental materials are orthorhombic
lattice with a spin-density-wave (SDW) anti-ferromagnetic (AFM) ordering. At a
certain temperature Tc, the parental materials of these compounds exhibit a phase
transition from orthorhombic lattice to tetragonal lattice, which is accompanied by the
loss of SDW-AFM [5, 6, 7]. This phenomenon was regarded as a key issue and was
thought to be in close relationship with the superconductivity behavior. From the very
beginning, numerous efforts have been made in order to determine the structure and
electronic and magnetic properties of these materials from first principles [8, 9, 10, 11].
Both the local density approximation (LDA) and generalized gradient approximation
(GGA) to the exchange-correlation functional have been employed, while for electron-
ion interactions, various methods including ultrasoft pseudopotential [12, 9, 11] (USPP),
projected augmented wave [13] (PAW), and full-potential linearized augmented plane-
wave [14, 8, 10] (FLAPW) were used. In contrast to most materials, the results
of these density functional calculations seem to be extremely sensitive to the choice
of exchange-correlation functionals, the optimization method, and the electron-ion
interaction models; thus these results scatter over a wide range. Previous studies showed
that both USPP and PAW methods tend to overestimate the local magnetic moment
on individual Fe atoms in the SDW-AFM state (2.3µB USPP [9], 1.5µB FLAPW [6],
0.7µB Experiment) as well as the relative energy differences between different magnetic
states (14 meV/Fe [9] USPP, 22 meV/Fe FLAPW[6]) [9, 10, 11]. Mazin et al. have
performed a detailed and systematic analysis on calculations of the 1111 systems [15]
and concluded that unless a USPP or PAW potential was very carefully constructed, one
should always use FLAPWmethod since it employ fewest approximations. The previous
inconsistency or failure of density-functional methods are mostly due to defective USPPs
or PAWs. While FLAPW is generally accepted as the most accurate density-functional
method, it is computationally much more expensive than both USPP and PAWmethods.
Therefore, the structure optimizations were not performed in most FLAPW calculations,
although Mazin et al. suggested a full structure optimization using GGA and then
electronic structure analysis using LDA functional.
In this paper, we report our efforts to generate a reliable PAW dataset for these
materials, using BaFe2As2 as an example. The PAW dataset was constructed for the
open-source community density functional code PWSCF[16], which can be used to
generate the tight-binding Hamiltonian or even down-fold multi-band structures. The
tight-binding or down-folded Hamiltonian has been proven to be essential for study of
cuprates, pnictides and other unconventional superconductors. We compare all of our
results with FLAPW results in detail whenever feasible, and we follow the Mazin et al.
procedure to study the influence due to full relaxation of the crystal structure as well as
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Table 1. parameters used to generate the PAW datasets in this paper. The value
of rcut is in unit of bohr, the number in the parentheses indicates the value used for
the orbitals with angular momentum represented by the superscript. The ultrasoft
pseudopotentials (USPP) are obtained from the PWSCF website.
PAW USPP
atom valence rcut valence rcut
Fe 3s 3p 3d 4s 4p 2.0 (2.1d) 3d 4s 4p 2.2 (2.3d)
Ba 5s 5p 5d 2.9 5s 5p 6s 2.5 (2.1p)
As 4s 4p 3d 2.1 4s 4p 2.4 (2.1p)
different exchange-correlation functionals on the calculated results. Finally, we applied
the newly constructed PAW datasets to study the structure of BaFe2As2 surface.
The rest of the paper is organized as follows: in the next section, we briefly present
the method and calculation details, especially the parameters we employed to generate
the PAW datasets used in this paper; then in section 3.1 we compare our PAW results
to existing USPP/FLAPW results, together with a detailed discussion about the choice
of appropriate exchange-correlation functional and structural optimization level for the
iron-pnictides; in section 3.2, we present the surface properties of BaFe2As2, especially
the STM image and the Ba positions on the (001) surface; finally, we summarize this
paper and draw conclusions.
2. Method and Calculation Details
In principle, one can approach all-electron accuracy with pseudopotential or PAW
methods by including more semi-core orbitals into valence orbitals, but in practice it
is prohibitively difficult to do so for the ultrasoft pseudopotential method. However,
this process is practical with Blo¨ch’s PAW method [13]. For this study, we follow
the slightly modified recipe by Kresse et al. [17], as implemented in the PWSCF
package [16]. The valence orbitals (including the semi-core orbitals) included in the
datasets are listed in TABLE 1, compared with existing USPPs. For each orbital,
two projectors were used to generate the PAW dataset. The generated dataset was
carefully tested with logarithmic derivatives, ionization potentials, and simple crystal
structures. The logarithmic derivative energy range considered was taken to be from
−7.0Ry to 3.0Ry, and orbital angular momentum l from 0 to 4 (s, p, d, f , g). These
tests ensured the quality of the PAW dataset. Throughout this paper, we used a
cutoff energy of 40Ry for plane-waves in both PAW and USPP calculations to ensure
convergence, and the irreducible Brillouin zones were sampled with the Monkhorst-Pack
scheme [18], 8 × 8 × 8 for the body-centered tetragonal (bct) unit cell (non-magnetic
NM/checker-board antiferromagnetic CB-AFM states), and 6 × 6 × 8 for the base-
centered orthorhombic (bco) unit cell (spin-density wave antiferromagnetic SDW-AFM
state). Both LDA and Perdew-Burke-Ernzerhof (PBE) parameterizations [19] to GGA
were used.
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Table 2. Comparison between our PAW-LDA results with FLAPW [20] and our USPP
results with the same structure used in Ref. [20]. ∆E = ENM −Etot, where Etot is the
total energy of the specific spin-state and ENM is the NM state energy. The numbers
in the parentheses are the same structure calculated using PBE exchange-correlation
functional.
SDW-AFM CB-AFM
unrelaxed opt-zAs unrelaxed opt-zAs
mFe (µB)
FLAPW 1.75 0.70 1.60 N/A
PAW 1.75(2.34) 0.60(1.60) 1.54 N/A
USPP 2.12 1.04 1.90 0.58
∆E (meV/Fe)
FLAPW 92 N/R 41 N/A
PAW 65(174) < 1(28) 19 N/A
USPP 119 6.9 60 < 1
3. Results and Discussion
3.1. Electronic Structure Properties of Bulk BaFe2As2
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Figure 1. Comparison between FLAPW band structure and our PAW result for the
non-magnetic state Ba122 with relaxed zAs but fixed experimental lattice parameters
(LDA result). The PAW result (red solid line) is almost exactly the same as the
FLAPW result (blue dashed line).
In order to directly compare with existing literatures using FLAPW method, we
calculated the BaFe2As2 parental compound with different structural parameters. These
calculations were performed on the structures used in Ref. [20], using NM lattice
parameters with relaxed zAs and with experimental zAs. Both these parameters were
used for the SDW-AFM state as well. Results are listed in Table 2. Our PAW
calculations agree with FLAPW results very well, including the local magnetic moment
on Fe atoms, whereas USPP always exagerates the magnetic moment, as reported
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Table 3. Physical properties after different levels of structural optimization using
PAW. zAs refers to optimized zAs with experimental lattice constants, and full-
opt means fully optimized structure with relaxed lattice constants. The values
outside(inside) the parentheses are obtained with LDA(PBE). The SDW-AFM state
does not exist after full relaxation using LDA, thus only PBE results are provided.
NM SDW-AFM
opt-zAs full-opt opt-zAs full-opt
a 3.963 3.873(3.968) 5.615 (5.697)
b 3.963 3.873(3.968) 5.574 (5.594)
c 13.02 12.14(12.49) 12.94 (12.76)
zAs 0.341(0.344) 0.347(0.346) 0.341(0.352) (0.3514)
mFe (µB) 0.0 0.0 1.62(2.14) (2.19)
∆E (meV) 0.0 0.0 105 (83) (68)
previously. Using the LDA version of these datasets, we also calculated the band
structure for the NM configuration relaxed-zAs structure. We compare our result and
the FLAPW result in Fig. 1, and it is apparent from this plot that our datasets almost
exactly reproduced the FLAPW band structure. From Table 2, it is also observed that
a relaxation of zAs will eventually bring the local magnetic moment down to 0.6µB/Fe.
In this situation, the SDW-AFM state energy is lower than the NM state energy by 65
meV/Fe. Neither FLAPW nor PAW is able to obtain a CB-AFM configuration with
the relaxed zAs, but this configuration remains stable using USPP.
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Figure 2. Band structure for NM state Ba122 with (a) experimental structure, and
(b) fully optimized lattice parameters as well as zAs using PBE exchange-correlation
functional. The band structure for the opt-zAs structure looks very close to the LDA
result (Fig. 1), and is therefore not shown here. The effect of structural optimization
mostly appears in the thick blue band.
Next, to evaluate different exchange-correlation functionals we study the band
structure dependency on the degree structural optimization. As summarized in Table 3,
the PBE exchange-correlation functional always exagerates the local magnetic moments
on Fe atoms, and the magnetic moment remains relatively unchanged with respect to
the structural optimizations. However, the PBE exchange-correlation functional yields
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Figure 3. Band structure for SDW-AFM state Ba122 with (a) experimental structure,
and (b) fully optimized lattice parameters as well as zAs using PBE exchange-
correlation functional. Due to the spin degeneracy, only the α spin band structure
is shown here.
crystal structures much closer to experiment, and the zAs parameters are significantly
different using PBE and using LDA. PBE also yields a large magnetic moment change
when the partially-optimized LDA structure (zAs optimized with LDA but lattice
constants fixed at experimental values) is used; see Table 2 data in parentheses. It
was also observed that a full optimization of both lattice parameters and zAs within
LDA fails to yield a SDW-AFM ground state (in fact, it does not show any magnetic
instability after full optimization) due to the fact that LDA underestimates bond lengths
and lattice constants while this system is too delicate to allow such underestimation.
Mazin et al. have observed similar results, that LDA will sometimes miss the SDW-AFM
ground state. PBE overestimates both bond lengths and lattice constants, obtaining the
correct ground state of the system under full optimization due to an error cancellation.
Both exchange-correlation functionals underestimate the c-axis in both the NM and
SDW-AFM states, indicating an incompleteness of LDA and GGA exchange-correlation
functionals. Since the local magnetic moment of Fe atoms depends strongly on zAs
parameters, as shown in previous studies and in this work, we conclude that for the
magnetic properties, neither LDA nor PBE is capable of describing the subtleness of
this particular system; but PBE correctly describes the ground state of the system under
full optimization.
Due to the loss of the SDW-AFM ground state in LDA after full optimization,
the following discussion includes PBE results only. As pointed out by Refs. [21]
and [22], DFT calculations can be comparable with experimental results only if zAs is
fixed at the experimental value. Thus, these calculations were performed with FLAPW
without full optimization of lattice parameters. Figure 2 depicts a set of band structures
corresponding to different levels of structural optimization. Apparently, optimization
does not alter significantly the electronic structure around the M point, where two
electron pockets were found. Moreover, even the size of these electron pockets does not
strongly depend on the structural optimization. In contrast, the structural relaxation
substantially changed the band structure around Γ and Z. The main effect of structural
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relaxation is that optimization pushes one of the Fe 3d-bands toward lower energy (the
thick blue solid line in Fig. 2); thus, only the two hole pockets from the rest of the
3d-bands remains after zAs optimization as well as after full structural relaxation.
Unlike the NM state, the band structure of SDW-AFM state does not exhibit
large variation before and after structural optimization (Fig. 3). This can be easily
understood since zAs in SDW-AFM state was maintained during structure relaxation.
We have used the SDW-AFM experimental structure and calculated the band structure
with LDA, and there is not much difference between the LDA result and the ones
shown in Fig 3, despite of the significant difference (0.5µB) in the mFe found in these
calculations. It is then apparent that the fundamental discrepancy between the LDA
and the GGA calculations in the previous literature is due to the difference between
the structure optimized with LDA and GGA, respectively. The full optimization with
the PBE exchange-correlation functional does not significantly alter the band structure
in the SDW-AFM state, but is crucial to study realistic doping and pressure effects in
order to be consistent.
(pi,pi)
kx
ky
kz=0.0
(a) NM-unrelaxed
(pi,pi)
kx
ky
kz=0.0
(b) NM-full-opt
kxkx
kyky
kz=0.5kz=0.0
(c) SDW-full-opt
Figure 4. Fermi surfaces reconstructed using maximally localized Wannier functions
(MLWFs). kx and ky denote the reciprocal vectors corresponding to a and b for the
conventional tetragonal unit cell.
The effect of structural optimization on the electronic structure can also be
illustrated with the Fermi surfaces. In Fig. 4 we present the Fermi surfaces reconstructed
using maximally localized Wannier functions[23, 24] (MLWFs). For the NM state, as
we have seen in Fig. 2, the optimization leads to very different band structures, and
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thus results in very different Fermi surfaces as well. After full-optimization, the size of
hole pockets around Γ is greatly reduced and the two electron pockets are much less
affected, as suggested by the band structure calculation, and therefore the expected
(π,π) Fermi-surface nesting is missing. For the SDW state, since the optimization does
not significantly alter the electronic structure as it does in the NM state, we thus show
only the Fermi surfaces after full optimization. Unlike its NM state, the SDW Fermi
surfaces are surprisingly simple and do not show very interesting features such as Fermi-
surface nesting. Two extended electron pockets were found, and two hole pockets appear
around kz = 0.5.
3.2. Diffusion of Ba Atom on BaFe2As2 (001) Surface
The BaFe2As2 (001) surface can in principle be produced with two ways: 1. (type-
I) separation between Fe-As layers to form Fe-terminated or As-terminated surfaces;
2. (type-II) separation between As-Ba layers to form As-terminated or Ba-terminated
surfaces. However, type-I surfaces are prohibited energetically due to the strong Fe-As
bonds.
For type-II surfaces, since the Ba-layers are sandwiched by As-layers, both As-
termination and Ba-termination are possible. STM+STS measurements on parental
BaFe2As2 surface by Nascimento et al.[25] shows
√
2 ×
√
2 ordered structure and
disordered bright spots, which they explained as disordered Ba atoms on ordered As-
terminated surfaces, and that the ordered structure in STM is due to surface As atom.
However, experiments on Co-doped material BaFe2−xCoxAs2[26, 27] shows not only the
ordered
√
2 ×
√
2 structure and the disordered structure, but ordered 2 × 1 structures
as well. They claimed that both ordered and disordered STM structures are due
to surface Ba atoms and that the ordering is a result of surface reconstruction with
increased temperature. It is then interesting to study the diffusion path, transition
state and diffusion energy barrier of Ba atom on an As-terminated type-II surface, and
to identify the ordered structures. Therefore, we have performed a nudged elastic band
(NEB)[28, 29] calculation for this system. The starting and final configurations were
taken to be two neighbouring equilibrium lowest energy states, where the Ba atom was
located above the center of four surface As atoms (Fig. 5(a)). Seven NEB images,
including the starting and final images, were considered within the calculation, and the
convergence criterion for the normal forces were chosen to be 0.04 eV/A˚. The result
shows that the Ba atoms diffuse along the diagonal of the orthorhombic lattice, and the
energy barrier turns out to be 1.2 eV (Fig. 6).
A close examination of the intermediate states reveals more details about the
diffusion process, as shown in Fig. 5. At equilibrium, four As atoms form chemical
bonds with the Ba atom (Fig. 5(a)). We denote these four atoms with As1 to As4,
and two more As atoms with As5 and As6 as shown in Fig. 5(a). At equilibrium,
the distances between all nearest neighbour As atoms in the topmost As layer are,
e.g. dAs1−As2 = dAs2−As3 = dAs3−As4 = dAs4−As1 = dAs3−As5 = dAs4−As6 = 3.99
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(a) initial (b) uphill 1
(c) uphill 2 (d) transition state
Figure 5. Diffusion of Ba atom on As-terminated type-II surface. The process is
demonstrated using a 2×2 unit cell used in the simulation, and since the uphill process
is symmetric to the downhill process, only the uphill process is shown here. In order
to present a clear visualization, we show only the surface Ba atoms and the topmost
layer of the As structure, and exaggerate one of the Ba atoms on the surface as well.
The Ba atoms are displayed with balls, and the As structure is shown with the As
tetragon. For comparison purposes, figures in panels b), c), d) and e) are superposed
on the initial structure (the grayed structure) as well.
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Figure 6. Ba atom diffusion energy barrier. s is the reaction parameter, which is
defined by dBa/d
0
Ba, where dBa is the distance the Ba atom has traveled and d
0
Ba is
the distance between the neighbouring equilibrium positions for the Ba atom on the
As-terminated type-II surface. s = 0 and s = 1 represents initial and final states,
respectively.
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A˚. However, the topmost As layer does not form a square lattice, since the Ba-
As bonds can be classified into two categories: dBa−As2 = dBa−As3 = 3.18 A˚ and
dBa−As1 = dBa−As4 = 3.24A˚. The Ba atom then diffuse along the (110) direction. At
snapshot ”uphill 1” (Fig.5(b)), the topmost As layer shift towards the (110) direction
as well, causing the distortion of the As tetragons. The distance between the As3
and As4 atoms is stretched to 4.15 A˚, and dAs1−As2 is reduced to 3.83 A˚. The Ba-As1
and Ba-As2 bonds breaks, while the dBa−As3 and dBa−As4 bonds are reduced to 3.07
A˚ and 3.09 A˚, respectively. At snapshot ”uphill 2” (Fig.5(c)), the topmost As layer
slightly moves backwards along the (110) direction due to the strain caused by the As
tetragon distortion, and dAs1−As2 and dAs3−As4 are now 3.79 A˚and 4.20 A˚, respectively.
The Ba-As3 and Ba-As4 bonds are further reduced to 3.01 A˚. At the transition state
(Fig.5(d)), the Ba-As3, Ba-As4, As1-As2, and As3-As4 bond lengths remain unchanged
from snapshot ”uphill 2”, but the As3, As4 and Ba atoms are now inside the same
[110] plane. It is obvious that during this process, two major structural changes occur
simultaneously, the distortion of the As tetragons (and thus the internal stress within
the Fe-As layers) and Ba-As bond breaking. The diffusion energy barrier is mainly
due to the Ba-As bond breaking process, since no obvious As-tetragon change can be
observed from snapshot ”uphill 2” to the transition state. Our result indicates that the
Ba atom clearly has a favorable adsorption site on the As-terminated type-II surface,
although no long-range order is suggested.
(a) As-terminated (b) Ba-terminated
Figure 7. Simulated STM image of BaFe2As2 surface. The figures show a 10 × 10
simulated surface structure. Simulated bias voltage Vb=-0.02 Ry.
In order to compare our results with the experiments, we have also performed
local density of states (LDOS) calculations to simulate the STM image. As discussed
earlier, both As-terminated and Ba-terminated type II surfaces are possible, and we thus
simulated both cases (FIG. 7). Nascimento et al.[25] suggest that only one surface As
atom out of two per unit cell can be observed by STM due to an in-plane orthorhombic
distortion of the Fe atoms, and that the surface is covered by randomly displaced Ba
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atoms. However, although our surface has the proposed orthorhombic distortion with
the orthorhombicity ǫ = 1 − b/a calculated to be 1.8%, we were unable to obtain a
similar STM image; unless the STM image records the position of Ba atoms and the Ba
atoms form a
√
2×
√
2 lattice over the surface (FIG. 7(b)). Our result is in consistency
with F. Massee et al., although we did not perform calculations with 2 × 1 ordered
structure since this feature is suggested to be a consequence of Co-doping and does not
appear in prestine BaFe2As2. The As-terminated surface always shows both surface
As atoms (FIG. 7(a)). To verify this result, we have explored a wide Vb range from
-0.1 Ry to 0.1 Ry, while the experiment was conducted at Vb = −0.1V and −0.02V .
Our result indicates that: 1 the Ba atom clearly has a favorable adsorption site on the
As-terminated type-II surface; 2 the STM image shows LDOS from Ba instead of As
atoms; and 3 the ordered
√
2×
√
2 STM image indicates an ordered structure of surface
Ba atoms
4. Conclusion
In conclusion, we have constructed a reliable PAW dataset that yields results comparable
to the FLAPWmethod, that we then used to study electronic and magnetic structure for
BaFe2As2. A thorough comparison between exchange-correlation functionals as well as
structural optimizations were presented. It is found that the LDA exchange-correlation
functional misses the SDW-AFM configuration under full structural optimization, and
the PBE gives the correct ground state. The important c-axis lattice parameter and
zAs can be obtained within reasonable error for the SDW-AFM state with the PBE
exchange-correlation functional, but both values are noticeably reduced for the NM
state. Therefore, the electronic structure of the SDW-AFM state is insensitive to
structural optimization, but the optimization will yield unacceptable electronic structure
for the NM state. PBE can describe the SDW-AFM ground state very well but not the
NM state, and the LDA fails for both. The apparent correlation between magnetism and
crystal structure suggests that LDA/GGA fails for the NM state because of a strong
magnetic-phonon coupling within the iron-pnictide compounds, and that this strong
coupling may be the mechanism for the electron pairing. We have also simulated the
surface properties of BaFe2As2. The simulated STM image is inconsistent with the
experiment, which is probably due to insufficient experimental resolution. It was also
found that the Ba atom diffuses on the As-terminated BaFe2As2 with a large barrier of
1.2 eV, and that the Ba atom has a well-defined adsorption site on this surface. The
barrier suggests a low mobility of the Ba atoms on the surface.
This work is supported by NSF-DMR. The authors would like to thank the UF-
HPC center, ORNL CNMS user program, and DOE/NERSC for the computational
resources that have contributed to the research results reported within this paper.
The PAW datasets and the parameters used to generate them are available on
http://www.qtp.ufl.edu/igator/PAW.htm.
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